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The presence of volcanism is often anecdotally used to deﬁne a “living planet”. Since dome-building volcanism on
Earth occurs primarily at plate boundaries, the identiﬁcation of such domes could inform on exoplanetary
development. Lava domes form when extruded magma is too viscous to ﬂow from a vent, and their morphology
on Earth varies from ﬂat, pancake lobes to steep, blocky domes. Identiﬁcation of lava domes on other terrestrial
planets in our Solar System indicates that they likely also exist on rocky exoplanets. Here we show, using particle-
based modelling, that the diversity of lava dome morphology in our Solar System is dwarfed by the diversity
expected for exoplanets. Speciﬁcally, the height-to-diameter ratio of a dome decreases as a function of increasing
gravity (i.e., planetary mass and radius). For example, lava domes on high-gravity super-Earths will be extremely
wide and ﬂat and a volcanic origin may not be immediately apparent. Creating a toolbox to help identify exo-
planetary volcanism will allow us to make initial estimations as to the development and habitability of these alien
worlds as images become available.1. Introduction
The formation of lava domes on Earth requires viscous magma and, as
a result, dome-building volcanoes are primarily found at plate bound-
aries (Cottrell, 2015) where high-silica, high-viscosity magmas form. The
morphology of these domes varies depending on factors such as material
properties (e.g., viscosity, primarily affected by composition and tem-
perature) and eruptive conditions (e.g., ascent velocity) (Blake, 1990;
Fink and Grifﬁths, 1998; Watts et al., 2002). Although the formative
processes (including the existence of plate tectonics) are sometimes un-
clear, volcanic domes are considered to exist on other planetary bodies in
our Solar System (Platz et al., 2014), such as Venus (Aubele and Slyuta,
1990; Bulmer and Guest, 2008; Pavri et al., 1992), Mars (Rampey et al.,
2007; Broz et al., 2015), and the Moon (Chevrel et al., 1999; Glotch et al.,
2011; Guest and Murray, 2007). The identiﬁcation of dome-forming
volcanism on rocky planets and moons in our Solar System suggests
that we should also expect similar volcanic processes on rocky exopla-
nets. Although the focus of this contribution is rocky exoplanets, we also
highlight that dome-like features may also form as a result of cry-
ovolcanism on icy planets and moons (e.g., Ruesch et al., 2016).ironment, University of Leeds, Le
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04762At the time of writing, the NASA Exoplanet Archive currently lists
over 4000 conﬁrmed planets outside our Solar System. The ongoing hunt
for other habitable planets means that the planetary evolution (e.g.,
geological formation and atmospheric development) of exoplanets is of
great scientiﬁc interest. Of the planets in the NASA Exoplanet Archive,
direct imagery has only been obtained for a handful of exoplanets.
Presently, the direct imaging of exoplanets typically involves imaging
star systems and measuring the separation, in arcsec or astronomical
units (AU), between the planets and their central star (e.g., Traub and
Oppenheimer, 2010; Pepe et al., 2014). Although unavailable at present,
technological advances and potential future space-based direct imaging
missions, such as the Habitable Exoplanet Observatory (HabEx), could
provide high-resolution images of exoplanets in the future.
The intriguing question therefore is whether we can interpret future
high-resolution images to conﬁdently identify volcanic processes on
exoplanets. Since lava domes on Earth are associated with plate tectonics,
their identiﬁcation could inform on the developmental stage (e.g., the
presence of plate tectonics; Bercovici and Ricard, 2014) and potential
habitability (e.g., subduction-related volcanism has been linked to at-
mospheric development; Mikhail and Sverjensky, 2014) of an exoplanet.eds, UK.
Heap).
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C.E. Harnett et al. Planetary and Space Science xxx (xxxx) xxxHowever, lava dome morphology is unknown for exoplanets. To better
inform those tasked with interpreting geological processes from exopla-
net imagery, we present here a toolbox that provides the likely expression
of dome-building volcanism on variably sized rocky exoplanets, from
dwarf planets to super-Earths. Our toolbox shows how exoplanetary lava
domes can differ in morphology to their equivalent Terran counterparts,
but indicate processes as we understand them on Earth.22. Methods
We constructed our toolbox using a discrete element method model,
which has been shown to successfully simulate lava dome emplacement
(Husain et al., 2014, 2018; 2019; Walter et al., 2019) and subsequent
gravitational settlement (Harnett et al., 2018) on Earth. We use Particle
Flow Code 5.0 from the Itasca Consulting Group Inc., which employs the
discrete element method (Cundall and Strack, 1979). The particle modelFig. 1. Exoplanet volcano toolbox. Modelled
domes (cross sections) after emplacement and
settlement, shown for gravity of 1, 5, 10, 15, and
20m/s2 (the vertical scale is the same as the
horizontal scale). Red particles within the dome
show material behaving as a ﬂuid, and grey par-
ticles show material behaving as a solid (see
Harnett et al., 2018 for more details). Also shown
are illustrative diagrams for the plan view of each
dome. Exemplar planets are shown on the left for
different gravity values in the range 1–20m/s2.
Images of TRAPPIST-1d, Kepler 62f, Kapteyn B
are based on artist’s impressions from the NASA
Exoplanet Archive. (For interpretation of the
references to colour in this ﬁgure legend, the
reader is referred to the Web version of this
article.)
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upwards velocity. We used the same timestep, velocity, and number of
cycles as in Harnett et al. (2018), who successfully modelled realistic lava
dome morphologies as seen on Earth (which we consider, in the absence
of data for exoplanets, as the most appropriate values for our modelling).
We note that the model produces domes of equivalent volume. Following
the method outlined by Harnett et al. (2018), the modelled material
behaves as a viscous magma within the core of the dome and as a solid
within the outer shell of the dome. This is to model dome growth as
observed on Earth, where a dome is comprised of a ﬂuid magma core that
solidiﬁes as its exterior to form a brittle shell (e.g., Iverson, 1990). This
transition is controlled by a solidus pressure of 0.4MPa, as experimen-
tally determined by Couch et al. (2003) for the initial composition at
Soufriere Hills volcano (Montserrat), and used in lava domemodelling by
previous authors (Hale et al., 2009a, 2009b; Harnett et al., 2018; Husain
et al., 2014). The effective model viscosity was taken as 105 Pa s, a vis-
cosity shown to reproduce realistic lava dome morphologies as seen on
Earth (see Harnett et al., 2018).
All parameters in the model are kept constant as on Earth and we
isolate only the effect of acceleration due to gravity (hereafter referred to
as gravity) on volcanic dome morphology. Although parameters such as
magma viscosity likely differ from exoplanet to exoplanet, our toolbox
can be used to give a ﬁrst order indication of the expression, and there-
fore presence, of dome-forming volcanism on other worlds. Importantly,
the gravity of an exoplanet can be determined for any planet for which
the mass and radius are known, both of which are measurable metrics for
exoplanets. Our toolbox contains height-to-diameter ratios and images
(cross section and plan view) of modelled domes following emplacement,
and also following a period of gravitational settlement, to suggest how
domes can be recognised long after activity has ceased at a particular
volcano. Since there are no planes or zones of weakness in our modelled
domes, the gravitational settling process is homogeneous.
3. Results
Our modelling shows that the height-to-diameter ratio of the volcanicFig. 2. Height/diameter ratio of a lava dome as a function of acceleration due to
gravity for domes post-emplacement (triangles) and post-settlement (squares).
Each symbol represents a unique model run. We note that macroscopic dome
morphologies of model runs with the same input parameters are essentially
identical and that any variability is captured by the symbol size. Height/diam-
eter ratios for Earth and Venus are taken from Fink et al. (1993). Data for Earth
is for Mt. St. Helens (USA) and Soufriere Hills volcano (Montserrat). Data for
Venus includes “Class 1” and “Class 2” domes. We note that the height/diameter
ratio ranges provided for Earth and Venus likely underestimate the true range.
3domes decreases with increasing gravity (Figs. 1 and 2). Domes emplaced
on dwarf planets (very low gravity) will be very narrow with steep sides
and domes emplaced on super-Earths (very high gravity) will be very
wide and ﬂat (Figs. 1 and 2). This is due to the greater proportion of ﬂuid
core material that is maintained in the dome as gravity is increased,
which results in dome growth governed by lateral spreading rather than
by vertical extension (e.g., Walter et al., 2019). The height-to-diameter
ratio decreases following gravitational settling (Figs. 1 and 2).
Although the height-to-diameter ratio is greatly decreased following
settling for the dome emplaced under g¼ 1m/s2, because steep and
brittle structures are inherently unstable, we highlight that there is still a
large difference between the morphology of settled domes as a function
of increasing gravity (Figs. 1 and 2).
4. Discussion
These results form the ﬁrst astrophysical toolbox for understanding
what volcanic domes could look like on variably sized exoplanets, and
therefore show how volcanism could be recognised from ﬁrst-glimpse
images of the surface of exoplanets. Our toolbox will allow astrophysi-
cists to have an idea of the morphology of a dome on any exoplanet for
which mass and radius are known, and therefore understand whether the
planet is currently, or was, volcanically active. Alternatively, our toolbox
could be used to provide supporting evidence in scenarios for which
volcanism on a particular exoplanet is hypothesised using other data.
Because the persistence of a lava dome (i.e., before it is destroyed or
completely eroded) is likely much longer than its emplacement period,
we suggest that post-settlement morphology should be considered ahead
of the post-emplacement morphology. Indeed, the majority of the dome
height/diameter ratio range for Earth (data from Fink et al., 1993) is
between the modelled post-emplacement and post-settlement values
(Fig. 2). We additionally highlight that, although erosion rates on exo-
planets will likely be unknown, ﬂat domes on large exoplanets will likely
be less eroded than tall domes on small exoplanets (because tall struc-
tures are more susceptible to weathering). To provide an end-member
example, we ran an additional simulation to assess the morphology of
a lava dome on a high-mass super-Earth with a gravity of 65m/s2. The
settled dome when g¼ 65m/s2 has a very low height/diameter ratio of
0.03 (Fig. 3). The large difference in dome morphology between
Earth-like and super-Earth planets, illustrated in Fig. 3, highlights the
ease at which such landforms on planets with a different gravity to that
on Earth could be misidentiﬁed.
Although in this study we isolate the effect of gravity, other factors,
such as magma viscosity (determined by composition, temperature, at-
mospheric pressure, and surface temperature) are likely to play a role in
determining exoplanetary dome morphology (Fink and Grifﬁths, 1998;
Watts et al., 2002). Magma viscosity on Earth has been found to vary up
to eight orders of magnitude at one volcano (Melnik and Sparks, 2002).
The extent to which viscosity could vary on exoplanets is currently un-
constrained, but we expect that, like on Earth, a higher viscosity would
create a dome that is narrower and taller, effectively pushing the
height-to-diameter ratio towards those observed at lower gravities.
Indeed, the dome height/diameter ratio range for Earth (data from Fink
et al., 1993) exceeds the height/diameter ratio predicted for a planet
with an Earth-like gravity (Fig. 2). If magma viscosity is very low, the
extrusion of lava is more likely to result in the formation of ﬂows rather
than domes. Previous studies also suggest that, in addition to the internal
yield strength of the magma, the solidiﬁcation of the outer layer also
increases the effective viscosity of the dome (Fink and Grifﬁths, 1998;
Grifﬁths and Fink, 1997). The solidiﬁcation process is therefore crucial to
dome morphology. In the model used here this relates to the solidus
pressure that controls the transition between ﬂuid and solid, where
higher solidus pressures have been shown to increase the rock/ﬂuid
fraction (Harnett et al., 2018). Solidiﬁcation depends primarily on
composition (Couch et al., 2003; Melnik and Sparks, 2005), and will also
be inﬂuenced by surface temperature. Solidiﬁcation is therefore
Fig. 3. Cross-sections of modelled domes (post-emplacement and post-settlement) for an Earth-like planet with g¼ 10m/s2, and a Super-Earth-like planet with
g¼ 65m/s2.
C.E. Harnett et al. Planetary and Space Science xxx (xxxx) xxxcurrently unconstrained for exoplanets, but could be incorporated into
future models to indicate detailed morphology on speciﬁc exoplanets.
The associated rock strength of the solid outer shell of the dome or talus,
maintained constant in the simulations presented here, will also inﬂu-
ence dome morphology, particularly during settlement. This is because a
dome constructed using weaker, perhaps hydrothermally altered (e.g.,
Lopez and Williams, 1993; Finn et al., 2001), rock is more likely to
experience mass wasting.
Surface temperature and atmospheric pressure will also affect the
expression of volcanic landforms on exoplanets. The high surface tem-
perature of Venus (467 C), for example, will contribute to maintaining
more of the volcanic material in its ﬂuid state (i.e., preventing solidiﬁ-
cation). Maintaining more material in its ﬂuid state will have a similar
effect to increasing gravity (creating wider and ﬂatter domes), and could
explain, amongst other factors, why the domes on Venus have very low
height-to-diameter ratios (<0.05; Aubele and Slyuta, 1990). Indeed, we
note that the majority of the height/diameter ratio range for Venus (data
from Fink et al., 1993) plots below that predicted for a planet with a
Venus-like gravity (Fig. 2). Differences in atmospheric pressure will, for
example, inﬂuence the efﬁciency of volatile exsolution that, in turn, will
impact factors such as magma viscosity (e.g., Wilson and Head, 1983;
Head and Wilson, 1986). Although future models that incorporate vari-
ations in, for example, magma viscosity, rock strength, and atmospheric
pressure and temperature can be performed as and when data are
available, our toolbox provides an important ﬁrst look as to the
morphology of lava domes on other worlds using presently constrained
parameters (planetary mass and radius).
Although the scientiﬁc advances required for the acquisition of high-
resolution exoplanet imagery are still to be achieved, it is crucial that we
equip ourselves with the tools to interpret the appearance of exoplanets
when imagery becomes available. The importance of identifying volcanic
landforms on exoplanets therefore cannot be understated. Geoscientists
often anecdotally deﬁne a “living planet” as one with active volcanism.
Since dome-forming volcanoes on Earth are primarily found at plate
boundaries, an abundance of lava domes on a given exoplanet, or a
curvilinear band of lava domes, could provide evidence for the existence
of plate tectonics, informing on the stage of development of a particular
exoplanet (Bercovici and Ricard, 2014). Since lava domes are also
observed on the surface of Venus, a planet without global-scale plate
boundaries, we consider the observation of curvilinear bands of lava
domes (as seen on Earth; e.g., Cottrell, 2015) will emerge as the key
indicator of plate tectonics on exoplanets using the approach described
herein. Volcanism also speaks to the process of volatile degassing and
mature atmosphere evolution, and subduction-related volcanism has
been linked to the development of the nitrogen-enriched atmosphere
required to create a habitable planet (Mikhail and Sverjensky, 2014). The
search for habitable planets beyond our Solar System may therefore rest
on understanding the expression of volcanism on these alien worlds.Declaration of competing interest
The authors declare that they have no known competing ﬁnancial4interests or personal relationships that could have appeared to inﬂuence
the work reported in this paper.
Acknowledgements
CH and MT acknowledge the International Researcher Mobility
Scheme from the University of Leeds. CH also acknowledges a place on
the Itasca Education Programme, and as part of this the PFC5.0 license
and the help of Matt Purvance, as well as funding from the NERC
Doctoral Training Partnership (grant number NE/L002574/1). This
research has made use of the NASA Exoplanet Archive, which is operated
by the California Institute of Technology, under contract with the Na-
tional Aeronautics and Space Administration under the Exoplanet
Exploration Program. The comments of two reviewers helped improve
this manuscript.
References
Aubele, J.C., Slyuta, E.N., 1990. Small domes on Venus: characteristics and origin. Earth
Moon Planets 50/51, 493–532.
Bercovici, D., Ricard, Y., 2014. Plate tectonics, damage and inheritance. Nature 508,
513–516. https://doi.org/10.1038/nature13072.
Blake, S., 1990. Viscoplastic models of lava domes. In: Lava Flows and Domes:
Emplacement Mechanisms and Hazard Implications. Springer Berlin Heidelberg,
Berlin, Heidelberg, pp. 88–126. https://doi.org/10.1007/978-3-642-74379-5_5.
Broz, P., Hauber, E., Platz, T., Balme, M., 2015. Evidence for Amazonian highly viscous
lavas in the southern highlands on Mars. Earth Planet. Sci. Lett. 415, 200–212.
https://doi.org/10.1016/j.epsl.2015.01.033.
Bulmer, M.H., Guest, J.E., 2008. Modiﬁed volcanic domes and associated debris aprons
on Venus. Geol. Soc. London, Spec. Publ. 110, 349–371. https://doi.org/10.1144/
gsl.sp.1996.110.01.25.
Chevrel, S.D., Pinet, P.C., Head, J.W., 1999. Gruithuisen domes region : a candidate for an
extended nonmare. J. Geophys. Res. 104, 515–529.
Cottrell, E., 2015. Global Distribution of Active Volcanoes, Volcanic Hazards, Risks, and
Disasters. Elsevier. https://doi.org/10.1016/B978-0-12-396453-3.00001-0.
Couch, S., Harford, C.L., Sparks, R.S.J., Carroll, M.R., 2003. Experimental constraints on
the conditions of formation of highly calcic plagioclase microlites at the Soufriere
Hills volcano, Montserrat. J. Petrol. 44, 1455–1475.
Cundall, P.A., Strack, O.D.L., 1979. A discrete numerical model for granular assemblies.
Geotechnique 29, 47–65.
Fink, J.H., Bridges, N.T., Grimm, R.E., 1993. Shapes of Venusian “pancake” domes imply
episodic emplacement and silicic composition. Geophys. Res. Lett. 20 (4), 261–264.
Fink, J.H., Grifﬁths, R.W., 1998. Morphology, eruption rates, and rheology of lava domes:
insights from laboratory models. J. Geophys. Res. 103, 527–545. https://doi.org/
10.1029/97JB02838.
Finn, C.A., Sisson, T.W., Deszcz-Pan, M., 2001. Aerogeophysical measurements of
collapse-prone hydrothermally altered zones at Mount Rainier volcano. Nature 409
(6820), 600.
Glotch, T.D., Hagerty, J.J., Lucey, P.G., Hawke, B.R., Giguere, T.A., Arnold, J.A.,
Williams, J.P., Jolliff, B.L., Paige, D.A., 2011. The Mairan domes: silicic volcanic
constructs on the Moon. Geophys. Res. Lett. 38, 1–5. https://doi.org/10.1029/
2011GL049548.
Grifﬁths, R.W., Fink, J.H., 1997. Solidifying Bingham extrusions: a model for the growth
of silicic lava domes. J. Fluid Mech. 347, 13–36. https://doi.org/10.1017/
S0022112097006344.
Guest, J.E., Murray, J.B., 2007. Volcanic features of the nearside equatorial lunar maria.
J. Geol. Soc. London. 132, 251–258. https://doi.org/10.1144/gsjgs.132.3.0251.
Hale, A.J., Calder, E.S., Loughlin, S.C., Wadge, G., Ryan, G.A., 2009. Modelling the lava
dome extruded at Soufriere Hills Volcano, Montserrat, August 2005-May 2006. Part I:
dome shape and internal structure. J. Volcanol. Geotherm. Res. 187, 69–84. https://
doi.org/10.1016/j.jvolgeores.2009.08.014.
Hale, A.J., Calder, E.S., Loughlin, S.C., Wadge, G., Ryan, G.A., 2009. Modelling the lava
dome extruded at Soufriere Hills Volcano, Montserrat, August 2005-May 2006. Part
C.E. Harnett et al. Planetary and Space Science xxx (xxxx) xxxII: rockfall activity and talus deformation. J. Volcanol. Geotherm. Res. 187, 69–84.
https://doi.org/10.1016/j.jvolgeores.2009.08.014.
Harnett, C.E., Thomas, M.E., Purvance, M.D., Neuberg, J., 2018. Using a discrete element
approach to model lava dome emplacement and collapse. J. Volcanol. Geotherm. Res.
https://doi.org/10.1016/j.jvolgeores.2018.06.017.
Head III, J.W., Wilson, L., 1986. Volcanic processes and landforms on Venus: theory,
predictions, and observations. J. Geophys. Res.: Solid Earth 91 (B9), 9407–9446.
Husain, T., Elsworth, D., Voight, B., Mattioli, G., Jansma, P., 2018. Inﬂuence of conduit
ﬂow mechanics on magma rheology and the growth style of lava domes. Geophys. J.
Int. 213, 1768–1784. https://doi.org/10.1093/gji/ggy073.
Husain, T., Elsworth, D., Voight, B., Mattioli, G.S., Jansma, P., 2019. Morphologic
variation of an evolving dome on the extrusion of ﬁnite yield strength magma.
J. Volcanol. Geotherm. Res. 51–64. https://doi.org/10.1016/
j.jvolgeores.2019.01.010.
Husain, T., Elsworth, D., Voight, B., Mattioli, G.S., Jansma, P., 2014. Inﬂuence of
extrusion rate and magma rheology on the growth of lava domes: insights from
particle-dynamics modeling. J. Volcanol. Geotherm. Res. 285, 110–117. https://
doi.org/10.1016/j.jvolgeores.2014.08.013.
Iverson, R.M., 1990. Lava domes modeled as brittle shells that enclose pressurized
magma, with application to Mount St. Helens. In: Lava Flows and Domes. Springer,
Berlin, Heidelberg, pp. 47–69.
Lopez, D.L., Williams, S.N., 1993. Catastrophic volcanic collapse; relation to
hydrothermal processes. Science 260p, 1794–1796.
Melnik, O., Sparks, R.S.J., 2005. Controls on conduit magma ﬂow dynamics during lava
dome building eruptions. J. Geophys. Res. B Solid Earth 110, 1–21. https://doi.org/
10.1029/2004JB003183.
Melnik, O., Sparks, R.S.J., 2002. Dynamics of magma ascent and lava extrusion at
Soufriere Hills Volcano, Montserrat. Geol. Soc. London, Mem. 21, 153–171. https://
doi.org/10.1144/GSL.MEM.2002.021.01.07.5Mikhail, S., Sverjensky, D.A., 2014. Nitrogen speciation in upper mantle ﬂuids and the
origin of Earth’s nitrogen-rich atmosphere. Nat. Geosci. 7, 816–819. https://doi.org/
10.1038/ngeo2271.
Pavri, B., Head, J.W., Klose, K.B., Wilson, L., 1992. Steep-sided domes on Venus:
characteristics, geologic setting, and eruption conditions from magellan data.
J. Geophys. Res. 97, 13445–13478.
Pepe, F., Ehrenreich, D., Meyer, M.R., 2014. Instrumentation for the detection and
characterization of exoplanets. Nature 513 (7518), 358.
Platz, T., Byrne, P.K., Massironi, M., Hiesinger, H., 2014. Volcanism and tectonism across
the inner solar system: an overview. Geol. Soc. London, Spec. Publ. 401, 1–56.
https://doi.org/10.1144/sp401.22.
Rampey, M.L., Milam, K.A., McSween Jr., H.Y., Moersch, J.E., Christensen, P.R., 2007.
Identity and emplacement of domical structures in the western Arcadia Planitia,
Mars. J. Geophys. Res. 112, E06011. https://doi.org/10.1029/2006JE002750.
Ruesch, O., Platz, T., Schenk, P., McFadden, L.A., Castillo-Rogez, J.C., et al., 2016.
Cryovolcanism on ceres. Science 353 (6303). https://doi.org/10.1126/
science.aaf4286.
Traub, W.A., Oppenheimer, B.R., 2010. Direct Imaging of Exoplanets. Exoplanets,
pp. 111–156.
Walter, T.R., Harnett, C.E., Varley, N., Vargas, D., Salzer, J., Zorn, E.U., Breton, M.,
Arambula, R., Thomas, M.E., 2019. Imaging the 2013 explosive crater excavation and
new dome formation at Volcan de Colima with TerraSAR-X , time-lapse cameras and
modelling. J. Volcanol. Geotherm. Res. 369, 224–237. https://doi.org/10.1016/
j.jvolgeores.2018.11.016.
Watts, R.B., Herd, R.a., Sparks, R.S.J., Young, S.R., 2002. Growth patterns and
emplacement of the andesitic lava dome at Soufriere Hills Volcano, Montserrat. Geol.
Soc. London, Mem. 21, 115–152. https://doi.org/10.1144/
GSL.MEM.2002.021.01.06.
Wilson, L., Head III, J.W., 1983. A comparison of volcanic eruption processes on Earth,
moon, Mars, io and Venus. Nature 302 (5910), 663.
